Abstract: Emulsion polymerization processes are characterized by exothermic reactions with complicated nonlinear dynamics. A very precise temperature control is necessary in order to ensure that the end product satisfies the quality demands. In industry, this issue is addressed by adopting a conservative monomer feed policy such that a robust operation is guaranteed under various disturbing influences. A combination of a monomer feed controller based on jacket temperature constraint and a monomer feed controller based on droplet phase avoidance constraint that optimizes the batch time is analysed in terms of robustness and performance. The simulation results show that the scheme reduces the batch time without harming the quality of the temperature control.
INTRODUCTION
Semi-batch reactors are widely used in the polymerization industry for the production of many different products. Often, the reactions involved in such processes are strongly exothermic and a precise temperature control is required in order to ensure that the final product will have an acceptable quality. The reactors are normally operated with a constant monomer feed rate while the reaction temperature is controlled by a cascade control structure consisting of a master controller for the reactor temperature and a slave controller for the cooling circuit. In real production units, since a safe and robust temperature control has to be guaranteed under a variety of uncertainties, the monomers are conservatively dosed into the reactor.
Motivated by the fact that this conservative feed policy leads to performance and economical losses, e.g. longer batch durations or lower monomer conversion rates, many efforts have been made in the last years to identify alternative control and operation strategies for semi-batch reactors. In (Terwiesch et al. [1994] ) and (Gentric et al. [1999] ), optimization schemes where optimal trajectories for the jacket temperature and optimal monomer inlet flow rates are computed offline and then incorporated to the operation recipe were investigated. In (François and Bonvin [2002] ), a run-to-run optimization scheme for emulsion batch polymerizations was proposed. Subsequently, several model-based schemes for online optimization of batch processes have been introduced. For instance, in (Helbig et al. [1998] ), a model predictive control scheme was used to simultaneously optimize the monomer feed and the cooling usage in a semi-batch reactor. In (Vicente et al. [2003] ) and in (Gesthuisen et al. [2004] ), model-based control schemes where calorimetric state estimators were used to calculate the monomer holdup and drive the reaction at the maximum of the reaction rate are presented while in (François et al. [2004] ) an online optimization scheme where the model is updated from batch to batch was proposed. Furthermore, some alternative online schemes also have been reported, e.g. tracking of necessary conditions of optimality (François et al. [2005] , Bonvin et al. [2001] , and ), extreming seeking control (Guay and Zhang [2003] ). Several surveys and reviews which summarize the techniques for the optimization of batch and semi-batch processes can be found in the literature (Bonvin et al. [2001] , Bonvin et al. [2006] ).
Despite all these efforts that have already been made for optimizing the operation and control of semi-batch polymerization reactors, it is remarkable that in industry these processes are still mostly operated by the classical cascade structure scheme with a constant monomer feed (Chylla and Haase [1993] , Graichen et al. [2006] ). The main reason seems to be that the potential improvements that can be achieved by employing the advanced schemes seem to be not big enough to motivate the implementation of more complicated solutions in real production units.
The goal of this work is to investigate an online optimizing control scheme for the time-optimal operation of semibatch emulsion polymerization reactors that is suitable for industrial application. Instead of designing complicated control solutions, two relativly simple control structures that provide significant performance improvements are combined to manipulate the monomer feed directly so that the system is driven to the limit of its cooling/heating capacity without violating operational constraints.
It is demonstrated that the combined scheme is robust with respect to considerable model mismatch and measurement errors.
PROCESS DESCRIPTION AND MODELING
Emulsion polymerization is a technique for e.g. the production of polymer dispersions which are used as adhesives or in paints. The reactor contains four main ingredients: water, emulsifier, monomer and initiator. In batch mode, first an emulsifier is added to the water until the critical micelle concentration (cmc) is reached and micelles are formed. Poorly water soluble monomer is then added which does not only form monomer droplets but also diffuses into the micelles due to the hydrophobic character of their cores. A water soluble initiator is added to the reactor which decomposes into radicals and starts the polymerization. Growing polymer chains are either absorbed by a micelle or stabilized by emulsifier to form polymer particles. These particles serve as the main reaction loci during the process, i.e. the monomer that is consumed in the particles is replaced by monomer stored in the droplets. At the end of the process, the droplets have vanished and a polymer dispersion with a certain particle size distribution is produced.
In industry the process is often run in semi batch mode as this leads to better temperature and quality control. The process then starts with a seed of polymer particles while the ingredients, especially the monomer, are fed continuously to the reactor. Consumed monomer is replaced by freshly added monomer which enables to operate the process without the formation of droplets. As the reaction rate is already maximal at the moment the monomer concentration in the water phase [M ] w is equal to the monomer saturation concentration [M ] w sat. , additional monomer that is stored in droplets does not increase the reaction rate further. Furthermore, with the presence of droplets the monomer hold-up is increased and along with it the theoretical adiabatic temperature rise T ad , which might be a safety issue in case of a cooling failure. Therefore the occurrence of a droplet phase is not desired and the process operation is constrained by (1). A second process constraint is that the maximum cooling capacitẏ Q cool,max must be greater or equal than the generated heat of reactionQ reac to avoid a runaway reaction (2).
[M ]
(1)
The model used here is only shortly introduced in the following by equations (3) to (10) as it would go beyond the scope of this paper to derive the model in detail. For further information the reader is referred to Gesthuisen et al. [2004] .
The model is based on mass balances of monomer M, polymer P, and initiator I as well as balances for the molar radical hold-up in the water phase n w R and the average number of radicals per particlen. The feed of monomer is denoted byṁ M . Parameter and variables describing the water phase are marked with an upper index w, for the particle phase the index is p. Monomer diffusion between the phases is considered to be instantaneous therefore the phase distribution and the volumes V and monomer concentrations [M ] are computed by the phase distribution algorithm introduced by (Urretabizkaia et al. [1994] ). The initiator decomposes with efficiency f into two radicals per molecule. These radicals are absorbed by micelles with a rate k a and may be desorbed with rate k d . Energy balances are set up for the reactor and its jacket with the temperatures T R and T J . The rate parameters for chain termination k T , chain propagation k p and initiator decomposition k I are modelled temperature dependent in Arrhenius form. Further constants are the molecular weight M M , the density of water ρ w , the Avrogardo constant N A , the gas constant R, and the reaction enthalpy ∆H R . N P denotes the number of radicals. The process considered here is a polymerization of styrene in an industrial size reactor. The total monomer feed is 6000 kg leading to a solids content of about 50%. All necessary parameters including the recipe are given in tables 1 and 2.
3. CONTROL SCHEMES
Fig. 1. Reactor simulated in this work
In industrial polymerizations, the temperature control is usually implemented by a cascade of PI controllers consisting of a master controller for the reactor temperature and a slave controller for the cooling circuit (Chylla and Haase [1993] , Graichen et al. [2006] ). In the reactor simulated in this work (figure 1), there is one controller that controls the reaction temperature by manipulating the set point for the jacket temperature. The measurements are the temperature of the reactor content 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012 
and at the outlet of the jacket. For the sake of simplicity, the dynamics of the jacket is approximated by a PT1 transfer function with a time constant of 2 min.
As the goal of this work is to achieve time-optimal operation, the system is extended by an additional controller that manipulates the monomer feed in order to operate the system as closely as possible to the limit of its heat exchange system without the formation of a droplet phase and thus to minimize the batch time. In the following, a monomer feed controller based on a jacket temperature constraint which drives the system to the limit of the heat exchange system (JTCC 1 ) and a monomer feed controller which prevents the occurrence of a droplet phase (DACC 2 ) are introduced. Finally a combination of both control schemes is shown. Fig. 2 . Control scheme for the JTCC The main motivation for using this control scheme is to take advantage of the fact that, independent of any external disturbances that may affect the cooling system, e.g. fluctuations in the cooling water temperature or in the feed temperature, the jacket temperature will always provide a quantitative measure of how much cooling or heating power is still available. Therefore, by tracking a predefined temperature T J,min (here: 293 K), the additional controller automatically regulates the monomer feed so that the heat generated by the reaction and the available cooling capacity are balanced. In (Finkler et al. [2012] ), it has been demonstrated that this simple scheme is similar in performance to a model-based scheme and robust to model uncertainties.
Control scheme for tracking the jacket temperature constraint (JTCC)
In the polymerization process considered in this paper, the additional constraint on the formation of a droplet phase has to be respected and simulations have shown that the droplet formation constraint for most of the batch run is stricter than the heat removal constraint. It was tried to tune the monomer feed controller and to choose the setpoint T J,opt > T J,min such that the droplet formation constraint is respected if no model error is present. However, for certain cases of plant-model mismatch, a significant droplet phase occurs. This is shown in figure 3 for an error of +5% in the activation energy. For this model error, the real reaction rate is 40% smaller than the reaction rate assumed in the model and the controller compensates this by a larger monomer feed, leading to an unwanted accumulation of monomer in the reactor. The same problem would occur e.g. for an error in the dosing of the initiator. Therefore the idea of an optimal temperature setpoint T J,opt is refused and instead the monomer feed controller is complemented by the DACC, which monitors the droplet formation constraint and tracks it once it is reached as long as the minimum jacket temperature T J,min is not reached. 
Control scheme for tracking the droplet avoidance constraint (DACC)
The basic idea behind this control scheme is to vary the monomer feedṁ M (t) in such a way that the monomer hold-up and thereby the reaction rate become maximal while the droplet constraint is respected. This is achieved by means of a discrete extended Kalman Filter (EKF) that estimates the heat of reaction and the heat transfer coefficient along the batch based on the temperature measurements and on the energy balances around the reactor and the jacket. The model used in the Extended Kalman Filter is given by (3)- (4), (9)- (10) and (11), (12) with the reaction rate replaced by the right hand side of (13).
The droplet phase constraint can be reformulated to obtain an upper bound for the monomer hold-up as shown in (14):
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The second controller manipulates the monomer feed ratė m M such that the constraint on V M,max is tracked. The integration of this controller with the temperature controller is shown in figure 4.
Fig. 4. Control scheme for the DACC

Combination of both schemes
Simulations have shown that both control schemes described above individually reduce the feeding time of the process by around 50 min. The JTCC achieves a faster response at the beginning of the reaction (see figure 5 ), but the feed is reduced when the distance to the optimal jacket temperature of T J,opt = 343 K decreases. The DACC, however, increases the feed rate during the complete process. Therefore the idea is to use the fast response of the JTCC at the beginning of the batch to reach the maximum allowed monomer hold up as fast as possible and then to switch to DACC to stay on the active droplet constraint if the minimum jacket temperature has not been reached. As the switching occurs when V M = V M,max this procedure leads to a small droplet phase at the beginning of the process (see figure 7) , which is not an issue for the process safety at that moment since the hold up is quite small. Further it must be noted, that the control scheme switches from a feedback controller based on the jacket temperature to an open loop controller based on the estimation of the monomer hold up. In figure 6 , the control scheme with the 
SIMULATION RESULTS
Controller and control parameters
All controllers of the different control schemes are realised as PI controllers, the control law is given in (16): Fig. 6 . Combined control scheme
where the error e is the control difference of each controller. The control parameters (T i and K P ) were tuned by the method given in (O'Dwyer [2009] ) and can be found in table 3. Table 3 . Control parameters
12.7 184 monomer feed (ṁ M ) (droplet constraint) 9 1500 monomer feed (ṁ M ) (heat exchange constraint) 0.17 2000
The measurement noise covariance and state noise covariance matrices of the EKF were tuned by simulations and are given in (17)- (18):
whereby the diagonal elements of R cov are chosen to be equal to the applied measurement noise.
Nominal case
In figure 7 , the results of the control scheme for the nominal case and the original recipe are presented. In comparison to the rectangular feeding profile of the original recipe the application of the control scheme leads to an increase in the feed rate and thereby to a reduction of the feeding time by about 60 min. Due to the increased feed rate, the monomer hold-up at the end of the feeding period increases which needs to react in the final stage, leading to a final batch time reduction of about 25 min. It can be seen that the concentration of the monomer is close to the maximal concentration of monomer in the particle phase and thus close to the droplet formation constraint. The jacket temperature constraint with T J,min = 293.15K is only active in the first minutes of the process.
Robustness of the control strategy
The parameter errors that were considered in the robustness analysis are listed in table 4. The control scheme was analysed for each of these parameter errors, the parameters were only changed in the simulation model and not in the model used in the estimator. For the combined control strategy, the temperature control is robust for the whole range of variation of the considered parameters. However, 
the monomer feed trajectories are affected by the parameter errors, and in the following the parameter errors with the strongest effect on the monomer feed trajectory are analysed.
In figure 8 , the results of a mismatch in the reaction enthalpy are shown. This mismatch leads to a wrong computation of the polymer and monomer hold-ups (3)-(4). For this reason the monomer phase distribution and consequentially the maximum allowed monomer hold-up that avoids the formation of droplets are calculated wrongly. A bigger heat generation is equivalent to a higher reaction rate and thereby a smaler monomer hold-up. As the active constraint is (14), the feed is increased and a small droplet phase occurs. Note that the volume of water is absolute 6m 3 .
As both the heat of reaction and the heat transfer coefficient are estimated, model mismatches in the reaction rate and in the heat transfer coefficient are detected and the feed rate is changed such that the constraints are not violated. This is shown in figure 9 , where the observer is simulated with a wrong activation energy. Only at the beginning of the reaction, a small droplet volume occurs because of the fast dynamics of the JTCC. nominal case E A -5% Fig. 9 . Simulation results for an error in the activation energy
In figure 10 , an error in the jacket flow rate is simulated. As the correct estimation of the heat exchange coefficient kA and the generated heat of reactionQ Reac depend on the quality of the temperature balances, this parameter mismatch propagates to the estimated value of the monomer hold-up and therefore the droplet formation constraint is computed with an error, leading to a small droplet phase.
In table 5, the results of the robustness analysis are summarized for all control schemes described in this paper. All errors which influence the estimation of the monomer hold-up lead to the formation of a small droplet phase in the combined control scheme.
As discussed before, the accumulation of monomer in form of a droplet phase may lead to safety problems. Since a droplet phase appears in some of the simulated scenarios, it is important to check whether this is a problem or not. This is done by computing the change in the adiabatic temperature rise ∆T ad of the reactor temperature in case of a complete cooling failure (19) :
When comparing the adiabatic temperature rise ∆T ad in the nominal scenario with the ∆T ad of the jacket temperature control scheme in the case where the reaction enthalpy is 10% higher, there is only a slightly change from ∆T ad = 40K to ∆T ad = 44K. Considering the boiling point of the mixture of around T B = 413K at p R = 3bar, this does not imply a risk of boiling and hence can be tolerated.
CONCLUSION
In this work, a control scheme for a semi-batch emulsion polymerization process was designed. The main goal is to manipulate the monomer feed rate such that the batch time is reduced as much as possible without harming the temperature control and without violating the process constraints. Therefore, a monomer feed controller based on jacket temperature constraint and a monomer feed controller based on droplet phase avoidance constraint for the monomer flow were combined and the resulting performance and robustness were analysed. In comparison to the original recipe, the new control scheme reduces the feeding time by around 40% and the overall batch time by 10%. It was demonstrated that the control scheme is robust for a broad range of parameter errors in some cases. The droplet formation constraint is only violated slightly which is not critical for the process at hand. Due to its simplicity, the control scheme is suitable for the application in industry.
